The role of chloride in photosynthetic oxygen evolution was reinvestigated by determining the effect of this ion on photochemical reactions of chloroplasts in which oxygen either is or is not produced. The chloroplasts used were isolated from normal spinach leaves. The level of chloride in the reaction mixture was controlled by washing the isolated chloroplasts and by avoiding a chloride contamination from the water and chemicals used. Chloride was found to be essential for each of the photochemical reactions of chloroplasts in which oxygen is produced. These included (a) photo reduction of TPN, (b) photophosphorylation of the noncyclic type in which TPN or ferricyanide reduction is coupled with ATP formation and (c) photophosphorylation of the aerobic, "pseudocyclic" type in which oxygen production occurs but is masked by an equal oxygen consumption. No chloride requirement was found for the anaerobic, cyclic photophosphorylation in which oxygen is not produced. These results support the view that chloride is an essential cofactor for oxygen evolution in photosynthesis.
W a r b u r g 1 discovered that chloride was essential for oxygen evolution by isolated chloroplasts in the presence of the nonphysiological hydrogen (elec tron) acceptors, benzoquinone and ferricyanide. This discovery was confirmed by A r n o n and W h a t l e y 2 and G o r h a m and C l e n d e n n in g 3 but they had little inclination to accept W a r b u r g 's conclusion 1 that chloride served as a coenzyme for oxygen evolu tion in photosynthesis because there was no evidence at the time that chloride was essential for the growth of intact plants; hence, it seemed unlikely that chloride would be required for oxygen evolution in vivo. Moreover, chloride, a common constituent of leaves, could be completely replaced in the in vitro system by bromide 1~3, an anion of doubtful physio logical importance to land plants. A r n o n and W h a t l e y 2 suggested, therefore, that the role of chloride was to protect the photochemical activity of chloro plasts in vitro against inactivation by light. G o r h a m and C l e n d e n n in g 3 drew attention to the effects of * Present address: Service de Biodiimie, Institut Frangais de Recherches Fruitieres Outre Mer, 6 rue du GeneralClergerie, Paris (16e), France. ** Aided by grants from the U.S. Public Health Service and th e Office of Naval Research. 1 0 . W a r b u r g , Schwermetalle als Wirkungsgruppe von Fer menten. Saenger, Berlin 1948. 2 D. I. A r n o n and F. R. W h a t l e y , Science [Washington] 110, 554 [1949] . 3 P. R. G o r h a m and K. A. C l e n d e n n i n g , Arch. Biochem. Bio physics 37, 199 [1952] .
4 T. C . B r o y e r , A. B . C a r l t o n , C . M. J o h n s o n and P. R.
S t o u t , Plant Physiol. 29, 526 [1954] , chloride on starch hydrolysis by dialyzed amylases and on "salt respiration" by tissue slices.
A reinvestigation of the role of chloride in photo synthesis was prompted by several developments. Investigations by B r o y e r et al. 4 and M a r t in and L a v o l l a y 5 later provided evidence that chloride is required for the growth of green plants. This new evidence removed the theoretical objection to the idea that chloride could act as coenzyme of photo synthesis in intact plants. Furthermore, isolated chloroplasts were found in recent years to possess additional photosynthetic activities such as the ability to photoreduce TPN 6~8, assimilate C 02 to the level of carbohydrate 9' 10 and carry out photo synthetic phosphorylation 9' n . In none of these was the participation of chloride known.
In reinvestigating the role of chloride in photo synthesis it seemed particularly desirable to com pare the effect of chloride on those newly recognized photochemical reactions of chloroplasts in which 5 G. M a r t i n and J. L a v o l l a y , Experientia [Basel] Soc. 76, 6324 [1954] .
oxygen is produced with those in which oxygen is not produced. The chloroplast reactions in which 0 2 is produced are C 0 2 assimilation, the photoreduc tion of TPN (Eq. 1), photophosphorylations of the noncyclic type12-14 (Eqs. 2 and 3), in which TPN or ferricyanide reduction is coupled with ATP for mation, and photophosphorylation of the aerobic, "pseudocyclic" type (Eq. 4 ), which is catalyzed by either FMN or Vit. K and in which 0 2 production occurs but is masked by an equal oxygen con sumption 15. 
A photophosphorylation reaction in which oxygen is not produced is the anaerobic cyclic photophos phorylation (Eq. 5) which is readily catalyzed by phenazine methosulfate (or pyocyanin cf-ref-16) but which, under rigidly controlled experimental con ditions, may also be catalyzed by FMN or vit. K 1S.
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Chloride was found to be essential for each of the newly recognized photochemical reactions of chloro plasts in which oxygen is produced but not for the anaerobic cyclic photophosphorylation in which oxygen is not produced. These findings support W arburg's proposal1 that chloride is an essential cofactor for oxygen evolution in photosynthesis.
Brief accounts of this work have been published previously [see reviews by A rnon 17,18].
Experimental methods
Careful attention to the exclusion of chloride from all reagents was very important for the successful ac complishment of these experiments. Tris acetate buf fers were prepared by neutralizing tris-(hydroxymethyl) aminomethane (Sigma 7 -9 grade) with 5-N acetic acid. The final pH was checked w T ith a glass elec- trode. Some samples of sodium ADP contained chlo ride; this ADP was purified by converting it to the barium salt and removing the barium with Dowex-50 (hydrogen form, prepared by exchanging with acetic acid and washing with water). Other reagents were examined for the presence of chloride impurity by adding them to a "minus chloride" ferricyanide system and assaying for oxygen evolution (cf. Broken chloroplasts were prepared by a modification of the method of A r n o n et al. 19 0.5 M sucrose con taining 0.01 M sodium acetate was used instead of 0.35 M sodium chloride for grinding the leaves and washing the unbroken chloroplasts. The washed whole chloroplasts were "broken" by suspending in 0.01 M sodium acetate. The suspension was centrifuged at 18,000 g and the sedimented particles were re suspended in 0.01 M sodium acetate. Chlorophyll was determined as described previously20 and a suitable aliquot taken for each of the experiments described below.
Chloroplast extract was prepared as described pre viously 21 from chloroplasts prepared in 0.35 M sodium chloride. (Chloroplasts prepared in 0.5 M sucrose were not a satisfactory source of chloroplast extract.) Chlo ride was removed from the chloroplast extract by dialyzing 10 ml. samples for 18 hours against 12 liters of 10" 3 M tris acetate buffer, pn 7.4, containing 10~4M potassium ethvlenediamine tetra-acetate, ph 7.4.
Partially purified spinach ferredoxin was prepared according to the method of S a n P i e t r o and L a n g 22, followed by adsorption onto calcium phosphate gel, elu tion with 0.1 M phosphate buffer, ph 6.8, and acetone fractionation at -15 °C, collecting the precipitate formed between 60 -80% acetone. [Ferredoxin is now prepared in this laboratory by a different method 23.] The ferredoxin solution was dialyzed against 10~3 M tris acetate buffer, pH 7.4, until free from chloride. Enough ferredoxin was added to catalyze the reduction of 4 //moles TPN in 5 minutes under the experimental conditions employed.
Chromatophor es were prepared from Chromatium, Strain D, according to the method described by N o z a k i et al. 24, except that the packed cells were washed twice with 0.5 M sucrose (instead of 0.1 M tris-HCl buffer), ground with alumina and resuspended in 0.5 M sucrose containing 0.1 M tris acetate buffer, ph 7.8. Particles (P) and supernatant (S) were prepared by centrifuga tion as described. Final removal of chloride from P and S fractions separately was accomplished by dialysis for 18 hours against three changes of 0.1 M tris acetate buffer, ph 7.8. After dialysis the bacteriochlorophyll in P and S was measured at 810 m/4 as described by A n d e r s o n and F u l l e r 25. P and S were then recombined in their original proportions just prior to use.
Measurements of photochemical reactions. The reac tions were carried out in Warburg manometer vessels atl5°C in a nitrogen atmosphere (exception, see Table 3 ). Illumination (unless otherwise noted) was for 30 min. [1956] . 22 A. S a n P ie t r o and H. M. L a n g , Science [Washington] 124, 118 [1956] .
ATP formation was measured as described previously n , TPNH2 formation by its absorption at 340 m// 26, oxy gen evolution was measured manometrically, and C02 fixation as described elsewhere 27, 10.
In measuring the photoreduction of ferricyanide the control of pn was found to be particularly important. The response to chloride was observed with consistency only at pn 7.8 or higher.
Results
Photoreduction of TPN. Fig. 1 shows that chloride is required for the photoreduction of TPN which is coupled with the evolution of oxygen by isolated chloroplasts, as represented by Eq. 1. Maximum activity was obtained at a chloride con centration of about 0.5 , 10_ 3 M (Fig. 2) , as was earlier found for the Hill reaction with quinone1' 2. As shown in Table 1 , chloride was required for photosynthetic phosphorylation of the noncyclic type, in which ATP formation by chloroplasts is coupled with the reduction of either TPN or ferri cyanide (Eqs. 2 and 3). Table 2 shows that, in the presence of chloride the ratio of oxygen evolved (//atoms) to phosphate esterified (//moles) was close to unity, as would be expected from Eqs. 2 23 K. Pseudocyclic photophosphoryla tion. Evidence was presented elsewhere 15 that, at a high light intensity, at a low concentration of chloroplast material and in the presence of oxygen, "microcatalytic" amounts of FMN or vit. K3 cata lyze a pseudocyclic photophosphorylation by spinach chloroplasts (Eq. 4) in which ATP forma tion is dependent upon an oxygen exchange. The amount of oxygen produced is balanced by the amount of oxygen consumed. Since the pseudo cyclic photophosphorylation is dependent on photo production of 0 2 it would, therefore, be expected to show a dependence on chloride. Cyclic photophosphorylation. Unlike the pseudocyclic photophosphorylation, the an aerobic cyclic photophosphorylation, catalyzed by either vit. K3 (menadione) or phenazine metho sulfate, was not affected by the addition of chloride (Table 4) . Table 4 also presents evidence that the lack of response of the anaerobic cyclic photophos phorylation to added chloride was not due to chloride still remaining in the chloroplasts. When the same chloroplast preparation was used for a noncyclic photophosphorylation coupled with ferri cyanide reduction, ATP formation was dependent on the addition of chloride (compare Experiments A, D and F in Table 4 The reaction mixture included, in a final volume of 3 ml., broken chloroplasts containing 0.1 mg. chlorophyll, and the following in micromoles: tris acetate buffer, pH 8.2, 80; ADP, 10; K2H32P 0 4 , 10 and MgS04, 5. Other additions were: in the vitamin K3 system, 0.3 //moles vitamin K3 and 5 //moles ascorbate; in the phenazine methosulfate system, 0.1 //moles PMS. The time of illumination was 30 minutes for the vitamin K3 system and 15 minutes for the phenazine me thosulfate system. In the " +chloride" treatments 1 0 /tmoles KC1 were added. Other conditions as described in legend to Table 1 . The same chloroplasts were used in Experiments A, D, and F to demonstrate by the response to chloride in the ferricyanide system (Exp. F), that the " -chloride" treat ments were indeed free from chloride. Table 4 is in agreement with Tables 1 and 2 in showing that, in the absence of chloride, isolated chloroplasts cannot form ATP by noncyclic photo phosphorylation when ferricyanide is the terminal electron acceptor. However, even in the absence of chloride, ferricyanide retains an affinity for elec trons released by an illuminated chloroplast system. Thus, in accordance with the proposed mechanism for cyclic photophosphorylation 17, the addition of ferricyanide, in the absence of chloride, to an an aerobic cyclic photophosphorylation system should inhibit ATP formation. The cyclic flow of electrons in the "closed circuit" would be interrupted when the electrons are trapped by, and used in, the re duction of ferricyanide. Table 5 shows that this prediction has been ex perimentally verified. In the absence of chloride the addition of ferricyanide abolished anaerobic cyclic photophosphorylation catalyzed not only by isolated chloroplasts but also by chromatophores of the strictly anaerobic photosynthetic bacterium, Chromatium. This organism, although grown in a nutri ent medium containing chloride, lacks any capacity whatsoever for oxygen evolution28. Thus, by the removal of chloride, the photochemical activity of chloroplasts was made to be the same as that of chromatophores. Such chloroplasts could not pro duce oxygen and could form ATP only by anaerobic cyclic photophosphorylation; ferricyanide could no longer promote a noncyclic photophosphorylation in which it served as the terminal electron acceptor (Eq. 3). In the absence of chloride, ferricyanide became, in chloroplasts as in chromatophores, an "electron trap" ; i.e., an inhibitor of cyclic photo phosphorylation. 
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Ferrocyanide, 5 fim 9.4 5.4 Table 5 . Influence of ferricyanide (in the absence of chlo ride) on cyclic photophosphorylation by chloroplasts and bac terial chromatophores. The reaction mixture for the chloroplast system included, in a final volume of 3 ml., broken chloroplasts containing 0.25 mg. chlorophyll, and the fol lowing, in micromoles: tris acetate buffer, pH 8.2, 80; K2H32P 0 4 , 10; ADP, 10; MgS04 , 5; and PMS, 0.1. The reaction mixture for the chromatophore system included, in a final volume of 3 ml., chromatophores containing 0.3 mg. bacteriochlorophyll, and the following, in micromoles: tris acetate buffer, pH 7.8, 80; K2H32P 0 4 , 10; ADP, 10; MgS04 , 5; PMS, 0.1 and vitamin K3, 0.3. Illumination was 35,000 lux for 30 minutes. Ferricyanide or ferrocyanide was added as indicated. In treatment 5, sodium ascorbate (5 /mmoles) was added from a sidearm 15 minutes after the beginning of the experiment, and illumination (35,000 lux) was then con tinued for 30 minutes.
The conclusion that the inhibitory effect of ferri cyanide on cyclic photophosphorylation resulted from the capture by this ion of electrons which would otherwise have travelled the cyclic electron transport route is strengthened by these additional findings (Table 5) : (a) adding this ion in the re duced form, as ferrocyanide, gave no inhibition; (b) the reduction of ferricyanide with ascorbate, 28 C. B. v a n N i e l , Advances in Enzymology 1, 263 [1941] .
either prior to or during, illumination of the photo synthetic particles restored in full their capacity for cyclic photophosphorylation; and (c) inhibition was produced by low concentrations of ferricyanide. The last finding would be expected if, as demanded by the hypothesis, the quantity of ferricyanide needed to capture electrons from the cyclic system had only to be sufficient to leave the catalytic com ponents of the chloroplast system in an oxidized form 18.
C 0 2 assimilation. T r e b s t , L o s a d a and A r n o n 27 have shown that the assimilation of C 02 by isolated chloroplasts to the level of sugar phos phates requires a properly balanced participation of cyclic and noncyclic photophosphorylation (Eqs. 5 and 2). When the photochemical activity of chloro plasts was experimentally limited to cyclic photo phosphorylation (Eq. 5), C 0 2 assimilation did not proceed beyond the formation of phosphoglycerate.
In the absence of noncyclic photophosphorylation (Eq. 2), there was a shortage of the TPNH2 that is needed for the reductive assimilation of C 02 to sugar phosphates. In the light of these findings, C 0 2 assimilation by isolated chloroplasts, in the absence of chloride, would be expected to yield phosphoglycerate but not sugar phosphates. The absence of chloride would not prevent the formation of ATP by cyclic photo phosphorylation (Eq. 5) but would prevent the for mation of TPNH2 by noncyclic photophosphoryla tion (Eq. 2). Fig. 3 shows that this expectation has been ex perimentally verified. In the absence of chloride, the sole product of C 02 assimilation by isolated chloro plasts was phosphoglycerate (Fig. 3, left) . In the presence of chloride, a normal pattern of C 0 2 assi milation by chloroplasts, including the formation of sugar phosphates, was obtained (Fig. 3, right) .
Discussion
Among the inorganic micronutrients known to be essential for plant growth, manganese has been the one most frequently cited as having a role in photo synthetic oxygen production29-31. The demonstra tion that chloride is an essential plant micronutrient, and the results of the present investigation, support the conclusion of W a r b u r g 1 that chloride is a coenzyme of oxygen production in photosynthesis.
It was not necessary to use chloroplasts from chloride-deficient leaves to demonstrate a chloride The reaction mixture included, in a final volume of 3 ml., broken washed chloroplasts containing 0.5 mg. chlorophyll, dialyzed chloroplast extract equivalent to 2 mg. chlorophyll, requirement for the oxygen-evolving reactions of chloroplasts. A chloride effect was observed by washing chloroplasts isolated from normal leaves and by avoiding a chloride contamination from the water or the chemicals used. Moreover, the inhibi tory effect of lack of chloride on the photoproduc tion of oxygen and on all related photochemical activities of isolated chloroplasts was readily re versed by the addition of chloride to the reaction mixture.
As already mentioned, chloride is required for the pseudocyclic photophosphorylation catalyzed by FMN, but not for the FMN-catalyzed anaerobic cyclic photophosphorylation (Table 3) which can be observed under special experimental conditions that have only recently been identified lo. It is now clear that the FMN-catalyzed cyclic photophosphoryla-
